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I.  INTRODUCTION 

For  many  years  the  petroleum  industry  has  been 
faced  with  the  problems  imposed  upon  it  by  the  presence 
of  various  types  of  sulfur  compounds  In  crude  oils 
processed  in  the  refineries.   The  need  for  effective 
metiiods  for  reinovinR  sulfur  from  oils  constantly  is 
growing  greater  for  several  reasons.   As  the  reserves  of 
low-8uifur  crude  oils  decrease,  the  refiner  is  forced  to 
use  more  and  more  of  the  high-sulfur  crudes  in  order  to 
maintain  or  increase  the  amount  of  his  products.    ven  for 
those  refiners  who  have  been  processino;  sour  crudes  for  a 
number  of  years,  t)\e   increase  in  sulfur  content  of  the 
refinery  charge  stocks  has  magnified  and  multiplied  the 
numoei-  of  problems  normally  encountered.   In  Figure  1  are 
plotted  curves,  published  originally  by  Smith  and  Hlade  {26), 
and  subsecueiitly  revised  by  them  (22),  showln^^  the  production 
of  crude  oils  of  various  Rulfur  contents  in  the  United  states 
during  the  period  from  1915  to  1947.   ms  of  the  end  of  1947, 
approximately  152  million  barrels  of  t-ie  1,865  million  barrels 
of  crude  oil  produced  annually  in  the  United  States  contained 
over  tv/o  per  cent  sulfur  and  over  670  million  barrels 
contained  over  O.farj  sulfur.   Vne  increased  production  of  high- 
sulfur  crudes  in  the  Middle  >':ast  and  South  America  has  adied 
to  the  problein  considerably  since  it  aipoars  that  most  of 
litirope's  future  requirements  must  necessarily  be  supplied 


Figure  1 
Crude  Oil  Production  for  the  United  States 
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from  these  sources.   The  large  reserves  of  shale-oil 
located  in  tlie  western  parts  of  the  United  otates  and 
Canada  are  also  hl,o;h  in  sulfxir  content,   ;-iefore  tiiese  oils 
can  assume  the  irnportanoe  which  is  forecast  by  the  large 
reserves  available,  a  satisfactory  solution  to  the  sulfur 
problem  must  be  obtained. 

Several  of  the  most  important  problems  due  to  tiie 
presence  of  sulfur  confounds  in  petroleum  are  (12): 

1,  Corrosion  of  refining,  storage  and 
transportation  equipment, 

2,  Elimination  of  odoriferous  sulfur 
compounds  from  products, 

3,  Depression  of  octane  ratings. 

4,  Reduction  of  load  susceptibility, 
b.  Increased  wear  rates  of  engines. 

6,  Catalyst  poisonintr  during  catalytic 
processing  of  the  crude  oil  cuts. 

7,  Adverse  effects  on  product  stability  and 
b\irning  characteristics. 

Although  the  presence  of  sulfur  causes  many  crude  oils 
to  be  classified  as  "marginal"  because  of  the  above  un- 
desirable characteristics,  the  petroleum  industry  is  finding 
it  necessary  to  use  such  petroleums  to  satisfy  present  needs. 
Thus,  the  need  for  fundar-inntal  research  on  the  removal  of 
sulfur  from  petroleiim  products  la  becoming  greater  as  the 
industry  is  i  orcod  to  call  upon  all  available  resoxxrcos  to 
neet  the  demand  for  petroleum  products, 

A  great  number  of  studies  have  been  made  on  the  types 
of  sulfur  compounds  found  in  petroleum  and  shale  oils  but 


it  is  apparent  from  a  study  of  the  literature  that  a 
large  amount  of  fundamental  Information  is  still  lacking. 
There  is  considerable  disagreement  as  to  the  types  of 
sulfur  comijounds  that  may  occur  in  crude  oils  and  straight- 
run  distillates,   I'hare  ia  also  some  question  as  to  whether 
the  types  that  are  known  to  be  present  occur  as  such  in 
the  original  petroleum  or  are  formed  during  distillation. 

A  sxoramary  of  the  available  knowledge  on  the  occurrence 
of  various  types  of  sulfur  coiripounds  in  oils  is  shown  in 
Table  1  (S,  12).   From  these  data  several  generalizations 
can  be  made.   The  presence  of  thiols  (mercaptf.ns )  and 
disulfides  is  well  establisVied,  with  saturated  corapounds 
predominating  In  straight  run  distillates  and  aromatic 
derivatives  predominating  in  cracked  distillates.   No 
aromatic  sulfides  have  been  isolated;  probnbly  due  to  the 
fact  that  the  first  member  of  tuis  series  has  a  relatively 
high  boiling  point.   The  prosonce  of  thiophenes  in  straight- 
run  distillates  is  questionable,  but  their  presence  in 
cracked  distillates  has  been  well  establlslied,   !>lo  compounds 
containing  more  than  one   sulfur  atom  to  the  molecule,  other 
tnan  disulfides,  have  as  yet  been  isolated  from  petroleum 
sources  (0), 

The  methods  for  removal  of  sulfur  from  petroleum  oils 
may  be  separated  into  two  types;  those  which  remove  the 
entire  molecule  containing  the  sulfur  and  those  which  remove 
only  tiie  sulfur.   In  general,  the  first  type  of  process  is 


Table  1 
Sulfur  Compounds  in  Oil 
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used  for  li  .ht  distillates  and  the  latter  for  de- 
sulfurlzation  of  gas  oils.   This  is  due  to  the  fact  that 
it  is  important  from  the  refiner's  standpoint  that  the 
sulfur  be  removed  in  such  a  manner  that  zhe   volume  of 
the  oil  boing  desulfurized  is  not  markedly  reduced.   In 
tae  case  of  the  lln-ht  distillates  where  tne  average  number 
of  carbon  atoms  per  niolecule  is  api-roxirnately  six,  the 
sulfur  atom  comprises  a  large  part  of  the  molecular  weight. 
Thus  the  vihole  molocule  can  be  removed  without  apjjreciably 
affecting  the  volume.   In  the  case  of  the  gas  oils,  the 
number  of  caroon  atoms  per  molecule  is  in  the  range  of 
thirty  to  sixty  and  an  oil  havinr-  five  weight  pei*  cent 
sulfur  content  rnay  contain  twenty-five  to  fifty  per  cent 
sulfur  cornpovinds  (12).   neraoval  of  the  sulfur  compounds  as 
such  would  be  econoraicully  unattractive  In  this  case. 

The  entire  sulfur  compound  may  be  removed  by  caustic 
washing,  acid  treatin-^  (1),  or  extraction  with  hydrogen 
fluoride  (14).   At  the  present  time  the  only  method 
known  for  complete  desulfurization  of  petroleum  oils  by 
removing  only  the  sulfur  is  seme  form  of  catalytic  hydi'o- 
genation  in  v/hlch  the  sulfur  is  removed  as  hydrogen  sulfide 
and  the  remainder  of  the  s\^lfur  bearing  molecule  is  converted 
to  a  hydi'ocarbon.   Essentially  all  of  these  processes  are 
similar,  with  the  operating  conditions  varying  according  to 
the  type  of  catalyst  used.   Data  have  been  published  on  such 
catalysts  as  fuller's  earth  (1),  nickel-tungsten  sulfides  (4), 


nickel-molybdenum  sulfides  (23),  bauxite  (9),  cobalt 
molybdate  (2),  und  jjinc -molybdenum  bauxite  (9).   Of 
these  catalytic  methods,  the  cobalt  rnolybdate  process 
is  the  one  most  completely  eX;  lained  in  the  literature, 


II.  STATSrilENT  OP  THE  PROBLEM 

There  were  two  purposes  of  triis  Investlnatlon,   Tiae 
rirst  v/a3  to  determine  liow  trie  sulfur  content  of  the  gas 
oil  fractions  of  a  variety  of  crude  oils  Is  distributed 
among  the  paraffin,  naphthene,  and  ax'oraatic  fractions. 
The  second  purpose  was  to  determine  the  manner  in  which 
the  desulfurization  by  hydrogenatlon  affects  the 
distribution  of  sulfur. 

The  investigation  was  divided  into  two  phases;  one  of 
analysis  and  the  other  of  desulfuri^ation. 

The  separation  of  the  gas  oils  into  tiieir  paraffin, 
naphthene,  and  aromatic  components  was  accomplished  by  use 
of  the  chromato.^raphlc  adsorption  method  developed  by  the 
United  States  Bureau  of  Standards,   The  sulfur  content  was 
determined  by  use  of  the  high  temperature  combustion- 
titration  piooelure  adopted  by  American  Society  for  Testing 
Materials, 

The  gas  oils  vicre   dasulfurlzed  by  the  low  pressure 
hydrogenatlon  method  developed  by  the  L'nion  Oil  Company  which 
uses  a  cobalt-molybdate  catalyst.   Operating  conditions  ■-  ore 
selected  within  the  range  of  their  development  data  in  order 
that  the  effect  of  the  change  of  operatinf^  variables  would 
be  known.   All  samples  were  desulfurlzed  at  the  same 
operating  conditions. 


Ill,  Lri'i:-.-tAXU«:;,  li^Vi'^W 

A,  ChroTiatographic  Adsorption 

The  :aethod  of  adsorption  usai  to  petiarate  potroieum 
Tractions  into  their  various  iriolecular  types  is  essentially 
that  devised  by  the  Huasian  botanist  M,  Tswett  and  is 
comnonly  known  as  the  Tswett  method  or  the  chromatographic 
method.   Frovlous  applications  of  this  method  to  the 
separation  of  aromatic  hydrocarbons  involved  principally 
hydrocarbons  of  high  molecular  weight  and  of  biological 
Importance.   .ork  by  f/alr  and  associates  showed  that 
fractionation  by  adsorption  could  be  used  to  obtain 
separation  of  petroleum  fractions  in  the  gasoline  (15), 
keroslne  (IC,  17),  and  gas  oil  (10)  ranges  into  their 
molecular  types  of  cosipounds. 

The  adsorption  method  consists,  in  general,  of 
adsorbing  the  •naterial  to  be  separated  on  a  suitable 
adsorbant,  usually  silica  gel,  then  a  suitable  deaorblng 
liquid  is  introduced.   The  dcsorbing  liquid  forces  the 
hydrocarbon  portion  down  the  coluran  of  adsorbent  causing 
the  hydrocarbon  portion  to  be  fractionated  according  to 
the  absorbability  of  the  various  components.   These 
components  Issue  from  the  bottom  of  the  coliimn  in  the 
following  order:   j-araffln,  naphthene,  and  aromatic. 

The  successful  application  of  this  tech.nique  requires 
a  desorbnnt  that  #111  quantitatively  remove  the  hydro- 
carbon from  the  adsorbent.   Gooding  and  Hopkins  (7) 
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have  pointoi  out  that  the  characteristics  desirable  in  a 
desorbant  are: 

1.  A  stren;;th  of  adsorption  greater  than  any 
component  of  the  sample 

2,  A  viscosity  higher  than  that  of  onj   component 
of  the  sample 

3,  Complete  inisclbillty  v.'lth  the  aromatic  portion 
of  the  sample 

4.  A  refractive  index  sufficiently  different  from 
the  aromatic  portion  that  the  final  break  on 

the  adsorptogram  may  be  determined  satisfactorily, 

alien  separating  petroleura  fractions  in  the  gas  oil  range, 
it  is  virtually  iiupoasible  to  find  a  desorbant  fulfilling 
completely  all  of  the  requirements.   Desorbants  used  for 
this  purpose  are  ethanol  (13),  cyclohexanol  (19), 
l-octanol  (5),  and  n-henanol  (19). 

Reduction  of  the  time  required  for  analysis  by  raising 
the  temperature  at  which  it  is  conducted  is  desirable  and 
it  may  be  necessary  to  use  an  elevated  temperature  in  the 
case  of  a  gas  oil  having  a  high  pour  point.   Analyses 
made  by  the  same  procedure  on  the  satne  samples  at  room 
temperature  and  at  70^G,  showed  no  significant  difference  (5). 
However,  it  was  found  necessary  to  maintain  relatively  close 
control  of  the  temperature  of  oporaLion  in  order  to  prevent 
remixing  of  the  components. 

Liquids  which  serve  as  desorbants  or  developers  may  be 
classified  into  tv.'o  :;;roups  depending  upon  tiieir  strength  of 
adsorption  in  relation  to  the  material  being  separated  (5), 
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Tho  desorbants  which  aiaplace  adsorbed  material  from  the 
column  by  virtue  of  their  {;reater  strength  of  adsorption 
are  called  dig- iacents.   In  such  an  operation,  the  desorbed 
material  is  causea  to  aiovo  down  tr.e  coluiin  ahead  of  and 
at  tne  same  rate  as  the  displaoent.   The  less  strongly- 
adsorbed  developers  aro  teried  eluents,   J'hoy  will  displace 
the  paraffin  and  naphthene  nydrocarbons  but  not  the  aromatic 
hydrocarbons.   The  paraffins,  naphthenes,  and  eluent 
tire   obtained  as  a  mixture  from  which  the  oluent  is  separated 
by  distillation.   The  aronatic  portion  is  then  removed  from 
the  adsorbent  by  use  of  a  displaoent, 

'I'he  size  and  shape  of  the  aisorption  colxunn  is  specified 
by  the  Bureau  of  standards  (lb)  an  well  as  the  optimum  size 
of  silica  r^el    to  be  used  (17),   The  procedure  used  is 
sltailar  to  that  of  .-air,  Sweatraan  and  Hossini  (18,  ly )  for 
the  separation  of  gas-oil  and  wax  fractions  of  petroloun. 
Almost  any  polar  llould  which  does  not  react  with  the 
hydrocarbons,  trie  a  isorbent,  or  tiie  material  of  the  ad- 
sorption tube  may  be  used  to  displace  the  hydrocarbon 
material.   It  is  also  desirable  t.tjat  t.he  desorbing  liquid  be 
corapletely  soluble  in  water  and  preferentially  leas  soluble 
in  the  hydrocarbon,  in  order  that  its  removal  from  the  hydro- 
carbon ^-nay  be  readily  eff  ecte  i  by  extraction  with  water  (Iti), 
.ater  oanily  displaces  the  aromatic  hydrocarbons  but  they 
remain  entrapped  within  the  microscopic  interstices  of  the 


12 


adsorbent.   For  triese  reasons  the  Fsiireau  of  St^'noar-ds 
recoKuuends  that  methanol,  ethanol,  n-hoxanol,  or 
cyclohexanol  b©  used  as, displaconts  (16,  IB,  19).   As  the 
desorbed  material  Issues  from  the  bottom  of  tha  coltxinn. 
It  is  separated  into  sarnplos  of  approximately  b  c.c,  each. 
The  refractive  indices  are  determined  on  each  of  the 
samples  and  are  plotted  versiis  the  amount  of  liquid 
collected.   Pronj  this  adsorptogram  the  Miount  of  paraffins, 
naphthenes,  and  aro^aatics  may  bo  determined  (19). 

Fortunately,  the  breaks  between  various  plateaus  on 
adsorptograms  for  petroleum  distillates  are  (generally 
sharp,  snowin^:  a  reproducibility  for  t'.o   various  groups  of 
about  two  i>er  cent  (5),   The  separation  within  the  aromatic 
group  of  raonocyclic  and  dicyclic  coutnpounds  may  be  sufficiently 
good  to  per-'ilt  individual  estirnation  of  tiiese  classes  (7), 

B.  Desulfurizatlon  i.etaod 
A  review  of  the  literature  in  regard  to  the  desulfur- 
izatlon of  ijas  oil  by  hydro?':eniition  revealed  that  the  only 
process  on  which  corflprehensive  data  have  been  published 
uses  a  cobalt-mobybdena  catalyst  (12).   The  oil  to  be 
pi'ocessed  is  fed  to  a  suitable  preheating  zone,  mixed  with 
hydrotj.en  and  tnen  passes  over  the  catalyst.   Conversion  of 
the  sulfur  compounds  to  hydrogen  sulfide  and  hydrocarbons 
occurs  either  in  the  licuid  or  vapor  phase.   The  effluent 
from  the  reactor  passes  through  a  condenser  into  a  suitable 
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system  of  gas -separators  and  product  receivers.   The  liquid 
product  is  freed  of  hydrogen  sulfide  by  caustic  washing 
or  distillation. 

The  operatln.f'  conditions  used  for  desulfurization 
depend  on  the  characteristics  of  the  stock  being  processed 
and  the  degree  of  desulfurization  desired.   Usually  the 
conditions  are  in  the  ranges  600-850°?,  catalyst  temperature, 
0,5-10,0  liquid  hourly  space  volocity  feed  rate,  150  psig,  or 
more,  and  with  the  circulation  of  1,000  to  10,000  cubic  feet 
of  hydrogen  per  barrel  of  feed  (12), 

In  excess  of  1500  llauld  volimes  of  feed  have  been 
dosulfurlzed  by  one  volutno  of  catalyst  v/lthout  re;;onoration 
and  without  detectable  loss  in  activity  (2),   The  catalyst 
can  be  rerrcneratod  repeatedly  to  its  original  activity. 
Kegeneration  is  accornpiished  hj   controlled  oxi::ation  to 
remove  the  carbon.   Simultaneously,  any  metallic  nuiflde 
present  In  the  catalyst  is  converted  to  oxide.   'I'hese 
reactions  r^enerate  a  large  quantity  of  heat  and  particular 
care  must  be  taken  to  provent  local  overheating  of  the 
catalyst  which  aiir:ht  cause  shattering,  sintering  or  other 
deleterious  changes  in  physical  structure  (2), 

The  cobalt-Tnolybdena  catalyst  is  made  by  absorbing 
suitable  cobalt  and  molybdenum  salts  in  hydrous  or  dried 
aluminas  (11),   The  copreclpitated  catalyst  is  prepared 
by  adding  a  wster  solution  of  cobaltous  nitrate  to  some 
well  stirred  nytirous  aiiruina  followed  by  an  araiionlacal 
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solution  of  molybdonurti  trloxicle.   After  washing,  the  gel 
is  dried  at  200°!'',,  crustied,  mixed  with  a  suitable  pelleting 
lubricant,  pelleted,  and  then  calcinel  for  several  hours 
at  llOOOh^,   Alternately  the  cobalt  and  molybdenum  suits 
raay  be  absorbed  in  dried  alumina  pellets  or  beuds,  dried, 
and  calcined. 

Cobalt  molybdate  may  be  considered  a  chemical  union 
of  cobalt  oxide  and  molybdic  oxide,  GoO,l'.oO^,      A  comparison 
of  the  results  of  tests  using  each  oxide  se;>arately  and  In 
physical  mixtures  as  catalysts  reveals  that  neither  oxide, 
alone  or  in  mechanical  admixture,  approaches  the  activity 
of  the  chemical  combination  {?.). 

The  mechanism  of  the  desulfurization  is  not  known. 
Available  evidence  indicates  that  in  the  case  of  thiophen© 
strong  adsorption  of  the  compound  on  the  catalyst  occurs 
followed  by  hydrogenatlon  to  thiacyclopentane.   The  ring 
then  hydro-ruptures  to  give  butyl  mercaptan  v/aich  may  lose 
hydrogen  sulfide  to  yield  an  olefin.   The  olefin  is  hydro- 
genated  to  a  saturated  hydrocarbon  (12). 

Hendricks,  Huffman,  iar^rer,  and  Stirton  (11),  have 
published  results  of  the  catalytic  desulfurization  of 
petroleum  distillates  which  si-xow  the  effect  on  the  amount 
of  desulfurization  of  varying  space  velocity,  pressure, 
temperature  and  hydrogen  rate.   Previous  work  by  Byrna, 
Bradley,  and  Lee  (2)  Indicated  tiiat  in  the  case  of  most  of 
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the  compounds  considered,  650°P,  representor  a  rather 
critical  temperature.   If  the  catalyst  temperature  was 
decreasedi  much  below  this  firiure,  there  was  a  rapid  decline 
in  activity  with  a  resultant  decrease  in  the  degree  of 
dosulfurization.   A  raore  or  les3  constant  desulfxATlzation 
activity  was  exhibited  at  tomj  eratures  between  650°F.  and 
800°F,  vvlth  little  or  no  evidence  of  hydrocarbon  de- 
composition,  r.owQver,  catalyst  activity  was  maintaiued 
over  a  much  longer  interval  at  650°^,  to  700°P,  than  at 
more  alovated  temperatures,   >-'or  this  reason  they  selected 
eSO^F.  as  the  most  deslraolo  temperature  for  operation. 

The  results  of  Hendricks  and  associates  (11)  show  that 
doublinr  the  feed  rate  (from  1,0  to  2.0  L.H.S.V.) 
approxiiiiately  doubles  the  product  sulfur  (from  0,015  to 
0,030  weif^^ht  per  cent). 

An  iticreaso  in  pressvire  from  150  to  250  pounds  per 
square  inch  gage  results  in  considerably  increased  de- 
sulfurization  (from  0.060  to  0.015  weight  per  cent). 

Increasing  the  hydrof/en  rate  from  3000  to  6000  cubic 
feet  per  barrel  of  feed  causes  a  small  increase  in  product 
sulfur  (from  0.015  to  0.025  vroipht  per  cent)  which  wts 
probably  due  to  the  decrease  in  contact  ti:.ie  of  hydrocarbon 
feed  and  catalyst. 

The  ras  oil  charce  used  in  their  invostigations 
contained  o.2e  \vGit;;ht  per  cent  sulfur  and  was  taKen  from 
Santa  «!aria  Valley  crude  oil  in  re^;ular  refinery  operations. 
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C,  Analysis  for  Sulfur 
The  method  employed  for  the  analysis  of  sulfur 
in  the  various  petroleum  fractions  Is  according  to 
American  .lociety  for  Testing  Materials  method  of  teat 
E  30-4C  T.   The  procedure  used  is  as  noted  under 
"Organic  J;!aterials  in  General".   The  chemistry  of 
the  method  is  illustrated  by  the  following  reactions: 
KIO3  +  5KI  +  6KG1  =  Sip  +  6KC1  •♦-  3H20 
SO2  +  I2  +  SH^O  =  H2SO4  +  2HI 
0.5  S  =  I 
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IV.  DKSC-ai-TiOl*  0?  Ai^irARATUS 
A,  Desulfurization  TTnit 

The  desulfurization  unit  consists  of  a  feed  tank, 
liquid  feed  rotanietor,  hydroj',en  feed  rotameter,  feed 
preheater,  reactor,  cooler,  product  ta'-ik,  scrubbers, 
and  wet  gas  meter  togeUuer  with  terapernturo  indicator 
controllers  for  the  preheater  and  reactor  end  the 
necessary  pressure  control  apparatu.s,   A  pictiire  of  the 
apparatus  is  Siicvn  In  Fl>-ure  2  and  a  flow  dia<<Trum  in 
Figure  3, 

The  feed  and  product  tanks  are  identical  in 
construction,   Thoy  are  fabricated  frara  three  Inch  extra 
heavy  steel  pipe  and  equipped  with  Jergena  reflex  type 
liquid  lovel  gages.   The  tames  are  16  inches  in  outside 
length  and  have  a  capacity  of  2b00  cubic  centimeters.   ;.Soth 
tanks  are  virrupped  with  a  0,25  inch  copper  tube  through 
which  steam  is  passed  to  tnuintaln  the  temperature  of  the 
liquid  at  200Op,   The  tanks  are  insulated  with  Johns-;,.ansvlilo 
asbestos  sliorts.   They  were  hydrostatlcally  tested  at  uOO 
pounds  per  square  inch  ca^e. 

The  liquid  feed  rotameter  is  a  ;>chutte  and  Koorting 
0,5  inch  arraorod  rotameter  having  an  average  flow  capacity 
of  louu  cubic  centimeters  per  hour.   It  was  designed  for 
viscous  petrolexiin  liquids  and  is  equipped  with  tiiree  rotors 
in  order  that  a  wide  range  of  viscosities  may  be  covered. 
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The  hydrogen  feed  rota.T.eter  Is    a  standard  one-ei.  ,utii 
Inch  Schutte  and  Koerting  rotameter  having  a  maximiim 
operating  pressure  of  450  i.ounds  per  square  Inch  gage. 

'rne  feed  preheater  comprises  two  stainless  steel 
colls  36  inches  long  immersed  In  an  oil  bath,   Ihe 
hydrocarbon  and  hvdrorren  are  heated  in  separate  coils 
in  the  same  oil  bath.   They  are  r.lxed  together  Immediately 
upon  leaving  the  preiieater  and  the  teniperatux*e  of  the 
combined  stream  controls  the  temperature  of  tl-ie  oil  bath. 
The  oil  bath  is  heated  by  two  bOO  watt,  110  volt  immersion 
heaters  and  its  temperature  is  controlled  by  a  Brown 
controller. 

The  reactor  is  a  stainless  steel  standard  Aialnco 
Super-pressure  vessel  modified  to  ixave  a  removable  head 
on  each  end  and  a  support  plate  on  each  end.   The  vessel 
is  of  the  4-3/8  inch  series  and  has  a  catalyst  capacity 
of  2200  cubic  centimeters.   It  is  constructed  of  15  per 
cent  chrome  Litalnless  steel,  T^^pe  410,  and  has  a  maxlrauia 
working  pressure  of  5600  pounds  per  square  incb  at  a 
temperature  of  800°^^.   The  vessel  in  equipped  v/ith  a 
heating  jacket  containing  two  BOO  watt,  220  volt,  electric 
heaters  connected  as  shown  in  Figure  5.   '.  schenatic 
diagrjain  of  the  reactor  is  rrlven  in  -'i'ure  4. 

The  cooler  is  made  from  a  40  inch  length  of  0.25  inch 
stainless  steel  tublne  coiled  in  a  water  bath.   The  water 
flow  is  countercurrent  to  the  flow  of  hydrocarbon. 
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The  scrubbers  consist  of  two  2,000  cubic  centimeter 
mriTlenmeyer  flasks  which  are  partially  filled  with  a 
cold  sodium  hydroxide  solution.   ufter  the  liquid  is 
separated  from  the  excess  gas  in  the  product  tank,  the 
gas  is  bubbled  through  the  caustic  solution  which 
removes  the  hydrof:en  sulfide  formed  during  the  de- 
sulfurization  process. 

The  wet  {^as  meter  is  standard  in  design  und 
construction.   ..fter  the   rius  passes  tiirough  the  wet 
gas  taoter,  it  is  burned  In  a  Fischer  type  burner  adapted 
for  hydrogen  burning. 

The  feed  liquid  is  forced  through  the  system  by 
pressure  from  a  nitrogen  cylinder,   A  standard  regulator 
is  used  on  the  cylinder  and  a  pressure  approximately 
five  pounds  per  square  inch  hl{5h»r  than  the  retictor 
pressure  is  maintained  on  the  feed  tank,   rhe  rate  of  feed 
flow  is  controlled  by  a  needle  valve  between  the  feed  tank 
and  the  armored  rotameter.   The  feel  lines  from  the  feed 
tank  to  the  preheater  are  steam  traced  to  prevent 
solidification  of  t-as  oils  having  high  pour  points. 

The  reactor  pressure  is  determined  by  the  pressure 
setting  of  the  rer7;ulator  valve  on  the  hydrogen  supply  tanlc. 
This  regulator  can  inainx;ain  delivery  pressures  up  to  1,000 
pounds  per  square  inch  gage. 

The  back  pressure  on  tho  nyntem  is  inrilntalned  by  a 
pressure  rejnilator  on  the  product  tank,   Tiiis  re^^^ulator 
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reduces  the  pressure  from  that  of  operation  to  approximately 
fifty  pounds  per  square  inch  gage,   A  low  pressure  reducer 
then  further  reduces  the  pressure  to  about  one  pound  per 
square  inch  gage  pressure. 

The  rate  of  hydrogen  flow  is  controlled  by  a  needle 
valve  on  the  exit  of  tne  low  pressxire  regulator. 

The  reactor  contains  1,800  cubic  continieters  of  7,5 
weight  per  cent  cobalt-rnolybdate  supported  on  Socony  alumina 
bead  catalyst, 

B,  Adsorption  Apparatus 

The  adsorption  apparatus  shown  in  Figure  6  was  made 
according  to  Bureau  of  Standards  specifications  (17).   The 
column  has  a  packed  section  1850  tnilliraeters  in  length 
having  a  capacity  of  approximately  160  graias  of  silica  gel. 
It  is  supplied  with  two  receivers  v;ith  capacities  of  5,6 
railliliters  and  10,5  milliliters  respectively,  graduated 
to  0,02  milliliters  with  0,01  milliliters  estiriated. 

The  top  of  the  reservoir  of  the  column  is  connected 
by  means  of  a  spherical  ground  Joint  to  a  nitrogen 
cylinder  regulator,   A  cylinder  of  nitrogen  is  used  to 
supply  the  pressure  to  the  coluran  necessary  to  maintain 
a  product  collection  rate  of  seven  to  thirty  railliliters 
per  hoxir. 

The  adsorbent  used  ia  Davison  silica  gel  vrfith  a 
particle  size  ranr^e  from  28  to  200  mesh.   It  is  necessary 
to  use  a  fresh  silica  gel  charge  for  each  adsorption  run. 
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V.  pnr)0"nTmT=: 
A.  Desuifurization  Apparatus 

All  vulves  on  the  equipment  are  closed,   'i'wo  thousand 
nilllll  Iters  of  the  oil  to  be  desulfurized  are  charged 
into  the  feed  tank.   The  steam  to  tho  heatinj?  coils  is 
turned  on  and  the  oil  allowed  to  reach  it.  equilibrium 
teniperf +-^^'  -  ^ ''   ■'  •-^oxlmatel^.^  ■>o-o-...^ 

The  heatinr;  units  of  the  retictor  and  preheat er  are 
turned  on  and  the  temperature  controllers  set  at  700°F,  and 
300°F.  respectively.   After  tnese  temperatures  are  reached 
tiie  equipment  is  ready  for  operation. 

One  thousand  milliliters  of  a  20  per  cent  sodium 
hydroxide  solution  are  put  into  each  of  the  scrubbing  flasks 
and  the  water  level  in  the  wet  gas  meter  is  filled  to  the 
correct  height. 

The  pressure  regulator  on  the  nitrogen  cylinder  is 
adjusted  until  the  pressure  on  the  feed  tank  is  ap [proximately 
205  pounds  j>bt   square  inch  f7ane« 

The  pressure  regulator  on  the  hydrogen  cylinder  is  set 
to  deliver  hydronen  at  200  pounds  per  square  inch  gage 
pressure  and  the  needle  valve  between  the  hydro.'^en  regulator 
and  rotaneter  is  slowly  opened  fully.   The  regulator  is  ttien 
adjusted  until  the  reactor  pressure  gy^e  reads  200  pounds 
per  square  inch. 

The  hydrogen  flow  rate  is  adjusted  by  means  of  the 
needle  valve  on  the  exit  side  of  tho  low  pressure  reirulator 


27 


until  a  flow  rate  of  about  24  cubic  feet  per  hour  is 

Indicated  on  the  rotameter. 

The  liquid  feed  rate  is  set  at  900  rallillltera 

per  hour  by  means  oi'  the  needle  valv«  between  the  feed 

tank  and  arsiored  rotameter, 

A  wet  Raa  meter  rea'Un,^  i3  taken  as  the  liquid 

feed  is  introduced.   The  temperature,  flow  rate,  pressure 

and  v/et  gas  neter  readings  are  recorded  at  ten  minute 

intervals. 

The  hydrogen  gas  from  the  wet  (T&a   meter  is  fed  to  a 

burner  and  burned.   If  necessary  the  water  to  the  cooler 
may  bo  vurned  on.   In  the  case  of  gas  oils  having  high  pour 
points  care  must  be  taken  that  too  low  a  temperature  is 
not  maintained. 

Upon  the  conclusion  of  the  run  the  hydrogen  regulator 
and  liquid  feed  control  valve  are  closed  and  the  heating 
units  turned  off.   After  the  pressure  of  the  system  has 
fallen  to  atr.iospheric,  the  product  is  removed  from  the 
product  tank  by  removing  the  0,5  inch  pipe  plug  from  the 
bottom  of  the  tank  and  the  amount  of  product  is  measured 
and  recorded. 

This  procedure  is  for  a  liquid  hour  space  velocity 
{L,:i,^,\i ,  )    of  0,5,  a  hydrop;en  feed  rate  of  4,000  cubic 
feet  per  hour  per  barrel  of  product,  an  average  reactor 
ten-.perature  of  650°P, ,  and  a  reactor  prestnure  of 
'dUU   pounds  per  square  inch  ga^e. 
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B,  Adsorption  Apparatus 
The  adsorption  column  is  filled  with  silica  gel 
and  packed  by  tapping  throughout  its  length  viith  a  rub:,er- 
covered  wooden  rod.   The  packing  is  continued  until  the 
level  of  the  silica  rtol   decreases  less  than  five  milliliters 
in  five  minutes  of  packing.   Sufficient  silica  gel  should 
be  initially  charged  so  that  the  final  height  of  the 
silica  gel  is  about  two  to  five  centimeters  below  the 
bottora  of  the  reservoir,   .hen  filling  the  coliiran  with 
silica  frel  a  continuous  flow  should  be  maintained.   :<here- 
ever  the  flow  is  stopped,  a  ring  will  appear  during  the 
adsorption  process,   '..hile  the  Bureaii  of  standards  procedure 
makes  no  mention  of  this  effect,  it  was  thought  desirable 
to  keep  the  formation  of  these  rings  to  a  minira\am. 

After  packln--,  100  miillliters  of  f^as  oil  are  introduced 
into  the  reservoir,  care  beir.ig  taken  not  to  wet  the  upper 
portion  of  the  reservoir.   freasure  of  five  to  ten  pounds 
per  square  inch  is  tiaen  applied.   After  the  sample  has 
completely  entered  the  silica  gel  (about  40  to  60  minutes), 
the  pressure  is  reduced,  the  reservoir  opened,  and  a  layer 
of  two  centimeters  of  silica  :r,el   added.   I'he  reservoir  is 
then  filled  vfith  ethanol  or  n-hexanol  and  sufficient  pressure 
applied  to  give  flow  rates  between  ten  and  thirty  Milliliters 
per  hour,   .hen  a  fraction  has  collected  in  the  receiver, 
the  flow  from  the  adsorption  tube  is  interrupted  by  closing 
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the  stopcock.   Forty  seconds  are  allowed  for  the  upper 
parts  of  the  receiver  to  drain  before  the  volume  is  read 
and  an  equal  interval  allowed  for  drainage  after  the 
withdrawal  of  the  bulk  of  the  fraction  before  the  stopcock 
on  the  receiver  is  closed. 

3oth  ethanol  and  n-hexanol  were  used  as  desorbants 
during  the  course  of  the  investifratlon,   ;jthanol  is 
preferred  because  it  is  more  easily  separated  from  the 
hydrocarbon  tnan  n-hexanol.   It  is  necessary  to  completely 
remove  the  desorbant  before  sulfur  determinations  are  made. 
The  ethanol  was  easily  rencved  by  placing  the  sample  in  a 
steam  bath  for  a  two  hour  period.   To  remove  the  n-hexanol, 
it  required  periods  up  to  24  hours, 

/ifter  con_.)letely  removing  the  solvent,  the  volume 
of  hydrocarbon  remaining  was  measured  and  its  refractive 
index  determined.   By  plotting  refractive  index  versus 
percent  of  sample  through  the  adsorption  column  (percent 
and  ml,  ware  equivalent  in  this  investigation  since 
100  ml,  samples  were  used),  a  series  of  points  are 
obtained.   Through  these  points  a  series  of  three  straight 
lines  can  be  drawn,  each  having  a  different  slope  (see 
Figure  7).   The  intersections  of  the  center  line  with  each 
of  the  other  lines  denotes  tno  oroaK  points  D'„-v..veen  the 
paraffin  and  naphthene  and  nophthene  and  aromatic  fractions, 
This  method  is  essentially  the  same  as  that  reported  by 
r.;air  and  Korziati  (1^), 
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Refractive  indices  were  determined  at  25°C.  except 
for  those  samples  i?hich  were  not  liquid  at  this  temperature, 
For  saiples  having  pour  points  above  25°C,,  the  refractive 
indices  were  .7ieas\ired  at  40°C, 

The  separation  between  paraffins  and  naphthenes  was 
very  sharp.   In  the  case  of  satnples  containing  no  sulfur 
in  the  paraffin  fraction,  the  point  of  change  could  easily 
be  seen.   The  paraffin  fraction  was  water  white  and  the 
naphthene  fraction  deeply  colored.   The  sharp  change  can 
be  seen  in  Figure  8,   The  sample  on  the  extreme  left  is 
the  original  ,^as  oil  used  as  feed  to  the  adsorption  column, 
because  of  tne  dark  color  of  botn  Lne  naphthene  and 
aromatic  portions,  the  break  point  could  not  be 
determined  without  the  aid  of  the  refracto;aeter, 

G.  Sulfur  Analysis 
The  sulfur  analysis  was  performed  according  to  the 
instructions  given  in  American  Society  for  Testing 
klaterials  test  method  7.   30-46  T  using  the  equipment 
manufactured  by  the  Laboratory  Equipment  Company, 
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D,  nixperimental  Data 

A  total  of  elgiiteon  r^as  oil  samples  rrorn  nine 
different  crude  oil3  riore   obtained  from  oil  companies. 
The  crude  oils  frojn  which  the  gas  oils  v.sre  conii  lercially 
separated  represented  nine  separate  r^eor.',raphlcal  locations, 
••ecause  of  the  different  r.as  oil  specifications  existing 
among  the  oil  companies  supplying  the  samples,  it  was 
possible  to  select  only  one  set  of  samples  having  the  same 
viscosity  and  r.ravity  characteristics. 

Since  the  purpose  of  th.is  investigation  was  to 
determine  the  effect  of  crude  oil  source  on  the  catalytic 
desulfiirization  mechanism,  the  samples  were  selected  so  as 
to  have  all  physical  characteristics  as  nearly  identical 
us  possible.   In  addition,  one  sample  havin;?.  a  somewhat 
different  viscosity  and  rjravity  was  dosuifurized  to  see  if 
any  change  in  dosulfurization  ^.ue  to  physical  properties 
was  indicated. 

Also  three  adiltional  p;as  oils  of  widely  different 
physical  ciiaracterlstios  were  separated  into  fractions  by 
adsorption  to  detormine  the  effect  of  viscosity  and  crravity 
on  composition  and  sulfur  distribution. 

The  catalyst  used  for  the  deaulfurization  was  selected 
becatiso  more  published  information  was  available  on  catalytic 
deaulfurization  using  a  cobalt-molybdena  catalyst  than  any 
other  kind.   The  temperature  of  tho  deaulfurization  reaction 
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was  shov/n  by  Burns,  i^radley,  and  Lee  (2)  to  be  rather 

critical  in  that  temperatures  in  excess  of  750°F. 

caused  excessive  cracking  of  the  oil  and  coking  of 

the  catalyst  v/hlle  at  temperatures  vmder  600°F,  the 

rate  of  desulfurizatlon  was  very  low.   An  average  reactor 

temperature  between  600°P.  and  700°P.  v/as  selected  for 

use  in  this  investigation  because  it  was  recommended 

by  the  above  mentioned  authors  as  being  overall  the  raost 

desirable. 

In  cotn.;;erclal  installatl  ^ns,  low-pressure  operations 
are  those  which  are  carried  out  below  250  psig.   To 
operate  at  pressures  in  excess  of  this  requires  the  use 
of  more  costly  equipment.   Because  it  Is  desirable  to 
operate  at  pressures  belovs  250  psig.  for  tiiis  reason  and 
at  presaiires  above  150  psig.  in  order  to  obtain  a 
satisfactory  reaction  velocity,  the  median  pressure  of 
200  psig  was  selected  for  this  investigation. 

The  liquid  space  velocity  and  hydro.T;en  rate  were 
chosen  to  conform  with  those  reported  by  Huffman  (12). 

The  oils  used  in  this  investigation  received  no 
special  treatment  except  for  washing  v^ith  a  caustic  solution 
to  remove  free  hydrogen  sulfide  before  adsorption  and 
1eter:!iination  of  sulfur. 
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VI.  HSSULTS 

The  desulfurlzatlon  apparatus  operated  very 
smoothly  and  the  runs  were  made  at  esaontlally  constant 
conditions.   It  w&s  fovind  tiiat  tlie  hydrogen  flow  rate 
could  be  more  easily  determined  by  the  wet  gas  meter 
than  by  the  hydrogen  rota.T:eter,   !)uo  to  hydrocarbon 
vapors  In  the  gas  the  rotor  tended  to  stick  In  the 
rotameter  tube  and  the  rotor  level  fluctuated  over  a  v/ide 
range,   Uso  of  a  lo'ig  pip©  cleanor  to  clean  the  rota:..eter 
tube  thoroughly  befoi*e  each  run  reduced  titla  trouble  but 
did  not  cotapletely  overcome  it.   Fortunately,  once  the 
flow  rate  was  set  it  remained  constant  during  the  jrun  so 
no  operating  trouble  resulted. 

In  the  Case  of  the  Florida  oil,  sample  number  S-IOO-P, 
the  color  was  so  dark  that  the  rotor  level  could  not  be 
determined  once  the  outer  portion  of  the  rotameter  tube 
wan  filled.   The  flow  rate  was  adjusted  while  the  outer 
portion  was  being  filled  and  no  further  ciianjjes  wei-e 
necessary. 

The  {'^as  flov;  rates   ore  deternined  upon  the  completion 
of  the  run  by  means  of  the  wet  gas  meter  readings  and  the 
lenr.th  of  the  run  In  the  case  of  hydrogen  and  by  measuring 
the  feed  remaining  und  the  product  receive  i  in  the  case 
of  tne  gas  oils. 
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All  runs  were  made  at  a  liquid  hourly  space  velocity 
of  0,5,  reactor  te^inerati-ire   of  650OP. ,  reactor  pressure 
of  200  pounds  per   square  inch  gage,  and  hydrogen  feed  rate 
of  4,000  cubic  foot  per  hour  per  barrel  of  fresh  feed. 

The  results  of  the  desulfurization  runs  are  shovm 
in  Tables  2  to  4.   An  exanlnation  of  the  data  reveals 
that  in  every  sample,  both  before  and  after  desulfurization, 
the  per  cent  siolfur  is  j-reatest  In  the  aromatic  fraction 
and  least  in  the  paraffin  fraction.   This  is  in  accordance 
with  the  -jreaent  theories  on  the  subject  and  tends  to 
substantiate  them, 

A  survey  of  the  amount  of  sulfxir  in  each  of  the 
fractions,  both  before  and  after  desulfurization,  shows 
that  the  sulfur  contained  in  the  paraffin  fractions  is, 
in  .■-enftral,  iiore  sasilv  re:-ioved  than  that  in  the  arorjatic 
and  naphthene  portions,   However,  all  of  the  sulfur  is 
not  removed  from  the  paraffin  fraction  before  de- 
sulfurization of  tho  aro;;:atlc  and  narhtl'.enic  fractions 
begins,   Tjesulfurization  appears  to  occur  in  all  fractions 
simultaneously  v/ith  the  rate  of  desulfurization  being 
greatest  for  the  paraffinic  and  least  for  the  arotrjatic 
type  of  sulfur  compound. 

in  every  case  in  which  the  sulfur  content  of  the 
paraffin  fraction  is  shown  as  0+  v/night  per  cent,  the 
fraction  was  water  white  in  color.   In  the  case  of  sample 
G-129,  the  paraffin  fraction  before  desulfurization 
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Table  3 


Tabulation  of  Data  on  Adsorption  Feeds 


I   G-125 

G-128     ; 

G-134 

Source"'^- 

:   Talco     : 

Kuwait 

;  Fuller ton 

Sulfur,  Wt,'^     ! 

0,648 

1.880 

2.210 

Gravity,  °!\FI 

"  ''^'^''^        ,-,.    ' 

!  31.1 

25.6 
1.4900i-'-> 

Refractive  Index 

.      1.4973U) 

.   1.4843(^)! 

Vis.  ^  10Q°F, 

c.p. 

- 

8,15 

- 

s.s.u,* 

- 

:  43,8      : 

— 

Vis.  ..  210OP. 

s.a.u. 

!  44.5 

•>       i 

63 

c.p.       : 

,   5.91 

; 

.   12.4 

Sp.Qr. 

; 

-^  100°P. 

;    — 

:   0.858 

: 

&   200OF. 

:   0,854 

i 

;   0.856 

Coiapositlon 

I 

Vol.  ;^  F 

19 

!     44 

!     46 

Vol.  %   R 

!     35 

!     21 

27 

Vol.  A>  A 

:    44 

:     34 

:     27 

'"data  deterr.ilned  by  company   supplying   saraple, 
j;L)RefractiV8   Index  at   40OG. 

' '-^Hefractlvc   Index  at   25^0. 
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Table   4 


Sulf\ir  Distribution  in  rjas   Oils 


: Total 3 

:       i'uraffln 

:    Naphth 

ene 

:      Aro:na 

tic 

:     .t.,i 

:    Vol. 0 

•  t.  -S 

:    Vol,  . 

t.  .S 

1    Vol.,. 

V)t./.>S 

G-121 

:    1.68 

:     ::*o 

0.56 

:      32,0 

1.09 

:       53,0 

2.32 

G-lL'l-P 

:    1.42 

:      15.0 

0.39 

:      29,0 

0.97 

:      56,0 

1.88 

G-126 

:    0.71 

:      16.0 

0.56 

:      39,0 

0.59 

:      45,0 

0.74 

G-126-i' 

:    0,t)6 

:      17.5 

0.24 

:      41.5 

0.52 

:      41,0 

0.74 

G-129 

:    2.65 

:      16,0 

1.07 

:      33.0 

2.20 

:      51,0 

3.36 

G-129-F 

:    1.80 

:      18.0 

0+ 

:      30,5 

1.10 

.      51,5 

2.74 

G-132 

i    0.51 

:      19.5 

0+ 

:      56.5 

0.44      , 

44,0 

0.90 

G-132-P 

0.41 

.      20.0 

0-^ 

:      35.0 

0.33 

45,0 

O.GO 

G-133 

0.55 

:      28.5 

0.32 

!      32.7 

0.53 

38.8 

0.64 

G-133-P         : 

0.57 

27.5 

0+ 

■      34.7 

0.37 

37,8 

0.62 

G-137             : 

0.87 

10.5 

0.23 

30.0 

0.64 

51.5 

1.17 

G-137-?         : 

0.61    • 

21,0 

0+      - 

.      P8,0 

0.36       : 

51.0 

0,96 

S-IOO-F        : 

3.36    : 

27.0 

2.58    ■ 

26.0 

3.40      : 

47.0 

3,77 

S-lOO-F-i-    : 

2,34    : 

24.0 

1.06    ! 

30,5 

2.38      : 

45,5 

3,04 

G-125             : 

0.65    : 

19.0 

0.50    : 

35.0 

0.64      : 

44.0 

0,74 

G-128             : 

l.cb    : 

44.5 

0+      : 

20,5 

1.11      : 

34.0 

4.71 

G-134             : 

2.21    : 

46.0 

0.84   : 

27.0 

1,62       : 

27.0 

3.20 

Note:    "P"    in   sample  nviraber   denotes   tiiat 
it    is   a  desulfurization  product. 
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contained  1,07  voight  per  cent  sulfur  and  had  a  very 
dark  color.   After  desulfurization,  the  paraffin  sulfur 
content  was  negligible  and  the  color  was  crystal  clear 
or  "water  white".   There  were  six  cases  in  y/hich  the 
paraffin  fraction  was  "water  white"  and  had  O"*"  weight 
per  cent  sulfur  content.   There  was  no  colorless  sample 
having  a  sulfur  content  ■greater  than  0"*"  weight  per  cent. 
These  data  give  confirmation  to  the  work  of  .Hossini, 
Leslie,  hener,  i-air,  villingham  an  i  Streiff  reported  by 
Sachanen  (20).   They  found  that  the  "water  white"  portion 
of  a  straight-run  distillate  from  a  Ponca  City  crude 
contained  no  sulfur.   This  indicates  that  when  tne  paraffin 
fraction  is  colored,  it  is  due  to  sulfur  corapounds  present 
Hnd  that  a  lack  of  color  indicvites  a  aulfur-free  fraction. 

In  Figure  9,  the  weight  per  cent  sulfur  after  de- 
sulfurization is  plotted  against  weight  per  cent  original 
sulfur.   A  straight  line  passing  throujih  the  ori^.in  can 
be  drawn  through  these  points  indicating  that  the  source 
of  the  (7as  oil  is  not  a  factor  in  its  degree  of  de- 
sulfurization by  low  prcs3ure  hydro^'^enation  using  a  cobalt- 
molybdena  catalyst.   The  line  drawn  between  the  points  has 
a  slope  of  0,725, 

The  '.veicht  per  cent  sulfur  after  desulfurization  is 
plotted  versus  weight  per  cent  oriirinal  sulfur  in  Figure  10 
for  each  of  the  gas  oil  fractions.   In  every  case  a  straight 
line  results,  but  the  slope  of  the  line  is  different  for 
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Figure  9 
Dosulfurization  of 
Gaa  Olla 


0        1        2        3       i<- 
Wt.  %   Stafui*  in  Original  Oil 


0 


12  3 

Wt.  %  S\ilfur  in  Praotloh 
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each  fraction,   For  the  paraffin  fraction  the  line  has 
a  slope  of  0,80,  for  the  naphthene  fraction  a  slope  of 
0,C8,  and  for  t>ie  aromatic  fraction  a  slope  of  0,43, 
rerhaps  the  only  f?lp;nlf icance  tVat  can  bo  attributed 
to  ti^eae  curves  Is  tnat  the  r.roater  the  slope  the  more 
difficult  the  sulfur  is  to  remove. 

Graphs  of  the  type  used  by  Hughes,  atine,  and 
Paris  (13)  are  given  in  Figures  11  to  20  for  each  of 
the  gas  oils  used.   A  plot  of  sulfur  content  versus  per 
cent  throu.p;h  the  adsorption  column  is  shown.   This  gives 
a  graphical  representation  of  where  the  sulfur  in  each 
fraction  is  located  and  its  degree  of  romoval. 

The  samples  of  oils  from  the  various  sources  used 
in  the  desulfurlzation  runs  were,  in  General,  selected 
with  the  same  viscosity  end  specific  f-ravlty.   The  object 
of  this  type  of  selection  was  to  ;iave  oils  fron  different 
sources  having  similar  physical  properties.   The  oils 
selected  for  desulfurlzation  wore  from  .^est  Texas,  Kuwait, 
Colombia,  Venezuela  and  I'Mllerton  fields.   Two  oils 
having  gravities  very  close  together  but  greatly  different 
viscosities  w-re  selected  from  the  Ti-uHerton  gas  oils  to 
determine  the  effect  of  viscosity  on  sulfur  distribution. 
In  addition,  a  third  Pullerton  sample  with  a  different 
gravity  and  viscosity  was  analyzed  to  determine  the 
variation  in  sulfur  composition  among  a  range  of  oils 
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Pigure  12  .    Sulfur  Distribution  in  Sample  G-126 
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Figure  13. 
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Sulfur  Distribution  in  Sample  G-I32 
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Plcure  14 
Sulfur  Distribution  in  Sample  G-129 
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Figure  15 
Sulfur  Distribution  In  Sample   G-133 
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Figure  16 


Sulf^n-  Distribution  in  3a-mplo  G-12o 
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Picure    18 

Siilfur  Distribution  in  Sample  S-lOO- 
(C-as   Oil   fro::!  Tlorida  Crude' 
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Figure  20. 

Sulfur  Distribution  in  Sanple  G-125 
(Gas  Oil  from  Talco  Crude) 
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from  the  same  field,   A  heavy  Talco  and  llglit  Kuwait 
were  also  analyzed  to  determine  the  sulfur  distribution. 

It  was  found  that  for  all  of  the  oils  with  similar 
gravities  and  viscosities  the  composition,  within 
reasonable  limits,  was  the  same,   For  example,  the  weight 
per  cent  paraffins  was  in  the  ran -e  lo  to  20  per  cent, 
naphthenes  from  30  to  36  per  cent,  and  aromatics  from 
44  to  53  per  cent.   In  the  case  of  the  three  samples 
run  on  Pullerton  gas  oils  a  plot  of  viscosity  in 
centlstokes  versus  weight  per  cent  gave  straight  lines 
for  each   f  the  fractions  (Figure  21), 

For  two  of  the  virgin  gas  oils  analyzed  tiiere  was 
no  appreciable  sulfur  in  the  paraffin  fraction.   In  every 
other  case,  the  higher  the  specific  rravity  of  the  gas 
oil  from  a  given  source  the  greater  the  weight  per  cent 
sulfur  in  all  the  fractions.   In  the  case  of  the  oils 
havlnv  no  sulfur  in  the  paraffin  fractions,  the  densest 
of  the  two  oils  from  the  same  source  had  less  sulfur  in 
the  eiromatic  fraction  even  though  the  total  sulfur  content 
of  the  heavier  gas  oil  was  higher.   There  is  no  apparent 
explanation  for  this  but  it  may  be  due  to  an  effect  the 
sulfur  content  of  a  molecule  has  on  its  adsorptlvlty. 
The  determination  of  tnls  effect  iias  been  made  the 
purpose  of  another  investigation. 
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Viscoaity,  oentistokes 
at  200° P. 
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Pigxire  22 

Variation  of  Gas  Oil  Composition  with  Viscosity 
'■  Pullerton  Gas  Oils  at  200°P. 
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VI.  C one LU SIGNS 
Based  on  the  data  obtained  "iurlng  this  investigation, 
the  followint^  conclusions  are  drawn: 

A.  The  aromatic  portion  of  the  ^^aa  oils  has 
tlie  highest  sulfur  content  and  the  paraffin 
fraction  the  lowest  sulfur  content. 

B.  The  sulfur  in  the  oaraffin  fraction  is 
the  luost  easily  removed, 

G,  Sulitir  content  reduction  occurs  in  <':^11  tnree 
fractions  simultarieously. 

D.  The  complete  reraoval  of  sulfur  gives  a 
"%-ater-white"  paraffin  fraction. 

S,  The  source  of  the  cmide  is  not  a  factor  in 
the  low  pressure  desulfurization  of  a  gas 
oil  when  a  cobalt-tr.olybdate  catal^rst  is  used. 

b'.   Gas  oils  havinf;  ine  same  viscosity  azu  specific 
gravity  contain  approximately  the  same  aiaount 
of  paraffins,  naphthenes,  and  aromatics.   x'his 
indicates  that  viscosity  and  r-ravity  delineute 
composition, 

G.  In  the  case  of  gas  oils  from  a  I'\iilerton  crude, 
the  araovmt  of  each  of  the  molecular  types  present 
(i.e.  -  paraffin,  naphthene,  and  aroraatic)  varies 
linearly  with  the  viscosity  at  200°P.  in 
centistokes. 
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Table  5-A 
Tabulation  of  Desulfurlzation  Data 


:  Time 

:  Min. 

:    !'eed 

tKotameter 

:  Reactor 
:   Inlet, 

: Reactor 

:  psig. 

:  et   Tias  ;. 

eter 

■Cu.Pt. 

"P. 

In.HgO 

:    op^ 

G-121 

:   0 

:     240 

:    650 

:   200 

:  340.0 

80 

0.2 

:   10 

:     245 

500 

:   200 

!556.0 

60 

0.2 

Rotor  ,f3 

!   20 

!     245 

:    460 

:   200 

:  369.0 

80 

0.9 

0.2  gm 

:   30 

!     240 

460 

:   200 

375.3 

SO 

0,9 

:   40 

235 

490 

:   200 

.377,8 

BO 

0.9 

:   50 

235 

495 

.   200   , 

:381.9 

80 

0.9 

;   60   • 

245   : 

480 

►   200 

366.0 

80 

0,9 

:   70   ; 

255   : 

490 

200 

390.0 

60 

0.9 

!   80   . 

246   : 

480 

:   200   ! 

593,9 

80 

0.9 

:   90   ' 

249   : 

490 

.   200 

397.0 

78 

0.9 

100   , 

243   : 

490    ! 

t   200 

401.7 

78 

0,9 

110   : 

243   : 

495    : 

200   : 

405.5 

78 

0.9 

.  120   : 

249   : 

495    ; 

.   200   : 

410.4 

78 

0.9 

G-126 

0   : 

151   i 

700 

'   200   : 

499.6 

81 

1.6 

10   " 

155   ; 

590 

200   ; 

505.3 

81 

1.7 

Rotor  #2: 

20   : 

150   : 

550    ; 

200   : 

511.2 

81 

1.7 

0.36  gm  ; 

30   : 

151   : 

545    : 

■'^00   : 

516,5 

81 

1.7 

40   : 

150   : 

560    : 

200   : 

.521.2 

81 

1.3 

50   : 

149   : 

550    : 

200   : 

525.5 

81 

1.2 

60   : 

150   : 

550   : 

200   : 

530.4 

81 

1.5 

70   : 

143   : 

560    : 

200   : 

535.4 

81 

1.4 

80   : 

157   : 

555    : 

200   : 

540.4 

81 

1.4 

90   : 

148   : 

560    : 

200   : 

545.3 

81 

1.4 

100   : 

148   : 

560    : 

200   : 

550.2 

81 

1.4 

110   : 

156   : 

560    : 

200   : 

554.9 

81 

1.4 

120   : 

149   : 

555    : 

200   : 

559.3 

81 

1.4 
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Table  5-B 
Tabulation  of  Desulfvirizatlon  Data 


Time  . 

Mln.  : 

Feed   ; 
Rotameter: 

Heactor  : 
Inlet,  • 

Reacto] 
psig. 

r:   et  u 

as  :. 

eter 

:Cu.Ft. 

^K. 

in.hgO 

Op.    : 

G-129 

0   : 

250    : 

700    : 

200 

•424.4 

75 

1.7 

10   ' 

230    : 

600    : 

200 

:427.6 

75 

0.9 

Rotor  J 6: 

20   ' 

230 

< 

200 

:431.0 

75 

1.0 

0.2  gm 

30   : 

245    : 

200 

:434.8 

75 

0.8 

40   - 

230    : 

550 

200 

:439.6 

75 

1.5 

50   • 

240 

540 

200 

:445.0 

75 

1.3 

60 

238 

550 

200 

:449.8 

75 

1.1 

70   ! 

242 

5oO 

200 

:453.6 

75 

1.2 

80   , 

242 

550 

200 

:457.9 

76 

1.1 

90 

242 

560 

:   200 

:461.9 

76 

1.4 

100 

239 

560 

.   200 

:466.6 

76 

1.1 

110 

!    242 

560 

:   200 

:470.6 

76 

1.4 

120 

245 

:    560 

;   200 

:475,5 

76 

1.3 

G-152 

0 

150 

!    700 

:   200 

:573.5 

81 

1.2 

10 

158 

560 

:   200 

:576.8 

hi 

1.2 

Hotor  ,f2'. 

20 

157 

545 

.   200 

:5t70.4 

81 

1.3 

0.36  gm 

30 

:    140 

;    540 

:   200 

:586.0 

81 

1.4 

.   40 

139 

:    545 

:   200 

:591.4 

81 

1.4 

50 

145 

:    o45 

:   200 

:596.9 

81 

1.4 

60 

144 

:    545 

:   200 

:602.3 

81 

1.4 

70 

135 

:    550 

:   200 

:607.9 

81 

1.5 

.   80 

:    135 

560 

.   200 

:613.7 

81 

1.5 

.   90 

:   141 

:    560 

:   200 

:618,3 

81 

1.2 

.  100 

:    144 

:    560 

:   200 

:622.5 

81 

1.1 

.  110 

140 

:    560 

:   200 

:626.6 

81 

1.1 

.  120 

!    137 

:    570 

:   200 

:630.7 

81 

1.1 
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Table  5-G 
Tabulation  of  Desulfurization  Data 


:  Time 

;  Mln. 

:    Peed   . 
: Rotameter . 

Reactor 
InlGt, 

'Reactor: 
psig.  : 

:4et   Gas  M 

eter 

Cu.Ft. 

oi-,-. 

ln.Kv.0 

:   op. 

G-135 

0 

170    ; 

700 

200  • 

714.5 

62 

1.4 

10 

:    174 

!    620 

;   200 

;716.a 

82 

0,6 

Rotor  ,/2i 

,   20 

165 

580 

;    200  ' 

.722,4 

82 

1.4 

0,36  gm  • 

30 

:    127 

600 

;    200  ' 

,728.4 

82 

1.4 

40 

155 

590 

:    200 

:734.7 

82 

1.8 

:   50 

149 

605 

:    200  ; 

.741.2 

82 

2.0 

60 

155 

610 

:    200 

747.0 

82 

1.6 

,   70 

!    151 

:    610 

:    200 

:752.6 

82 

1.5 

.   80 

:    149 

510 

:    200 

.758.2 

82 

1,5 

.   90 

:    154 

;    610 

:    200 

:763.8 

82 

1.5 

,  100 

:    156 

:    605 

:    200 

:769.5 

82 

1.5 

.  110 

154    ! 

610 

:    200  ' 

.775.6 

82 

1.6 

.  120   • 

!    150 

610 

:    200 

:7&0,4 

82 

1.6 

G-137 

0 

:     78 

700 

:   200 

•541.2 

82 

1.2 

10   ' 

I     64 

640 

:    200 

.644.8 

82 

0.9 

Kotor  /2 

.   20 

:    70 

630 

:    200 

:649.7 

82 

1.4 

0 ,  36  g?.i 

.   30 

:    80 

:    630 

:    200 

:654.9 

82 

1.4 

.   40 

:    75 

610 

200  . 

;650.2 

82 

1.4 

!   50   . 

:    75 

620 

:    200  • 

1665. 6 

82 

1.4 

.   60 

:    89 

610 

:    200 

!670.7 

82 

1.4 

.   70 

:    76 

;    610 

:    200 

:675.9 

82 

1.4 

:   80 

:    86 

:    610 

:    200 

:681.0 

82 

1.4 

:   90 

:    71 

610 

:    200  • 

:686.0 

82 

1.4 

:  100 

80 

605 

:    200 

.690.8 

82 

1.4 

.  110 

:     83 

590 

:    200 

:695.8 

82 

1.4 

.  120 

:    79 

:    550 

:    200 

700.8 

82 

1.4 
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Table  5-D 
Tabulation  of  Desulfurlzatlon  Data 


Time  : 
,  Min.  1 

Peed 
Hotamoter 

Reactor  ; 
.   Inlet,  : 

Reactor, 
palg.  : 

..et  a 

as  ;. 

eter 

Cu.Kt. 

^F. 

In.HoO 

op. 

S-IOG-P 

0  • 

220 

:   700   ; 

200 

;892,3 

67 

0.9 

10   : 

220 

570 

200 

!898.5 

67 

1.7 

Rotor  ,72; 

.   20   : 

.     - 

570 

.   200 

:-J'04.6 

67 

1.7 

0.36  f^.-n  • 

30 

_ 

570 

200 

:910.6 

67 

1.7 

,   40   • 

_ 

560 

.   200 

!91G.3 

67 

1.5 

:   50 

. 

:    570 

:   200 

: 922.2 

67 

1.7 

;   60 

— 

1    660 

.   200 

:927.5 

67 

i.O 
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Table  6 -A 
Tabulation  of  Adsorption  Analyses  Results 


Sample  : 

G-121 

':      G-121-P    : 
:  HI.   U.I.   : 

• 

G-126     : 

C— IS 

Ml. 

J6-P 

No.    : 

■a. 

R.I. 

Ml. 

R.I.   : 

K.I. 

1     : 

b.22 

1,491 

:  4.92  1.483  : 

5.08 

1.500  : 

4.86 

1.477 

2     : 

5,50 

1.480 

:  4.90  1.471  ; 

5.30 

1.497  ! 

5.12 

1.474 

3    : 

5.77 

1.474 

:  5.08  1.467  " 

5.24 

1.495  ; 

4.64 

1.472 

4     : 

5.20 

1.473 

:  6.00  1.467  ! 

5.18 

1.494  : 

4,98 

1.473 

b          : 

5.29 

1.475 

;  5.24  1,470  . 

5.24 

1.493  : 

5.04 

1.474 

6     : 

5.12 

1.487 

:  5.00  1,476 

5.16 

1.493  ' 

,  5.12 

1.478 

7 

5.18 

1.493 

:  5.28  1.482 

!  5.08 

1.493 

.  5.04 

1.483 

8 

0.16 

1.497 

:  5.04  1.486 

;  5.30 

1.493 

.  6.10 

1.488 

9 

5.70 

1.496 

:  5.12  1.491 

:  5.20 

1.493 

!  5.50 

1.493 

10     ; 

.  4.98 

1.496 

:  5,16  1.493 

:  5.04 

1.493 

;  5.15 

1.499 

11      ! 

5.22 

1.494 

:  5.00  1.495 

:  O.OB 

1.494 

:  o,lZ> 

1.504 

12 

.  4.20 

1.497 

:  5.46  1.499 

I    5.02 

1.495 

:    5.22 

1.507 

13 

,  3.40 

1.500 

:  4,98  1.500 

!  5.32 

1.497 

:  6.02 

1,507 

14 

.  3.2 

1.502 

:  5.50  1.502 

:  5.48 

1.500 

I    5.16 

1.511 

15 

,  5,3 

1.503 

:  4.96  1.506 

:  5.28 

1.500 

:  5.14 

l.olO 

16 

4.9 

1.506 

:  2.6   1.509 

:  3,4 

1.500 

:  5.18 

1,508 

17 

1  3.4 

1.512 

:  1.8   1.513 

:  4,4 

1.504 

:  2.10 

1,508 

18 

■  3.1 

1.514 

:  2.8   1.507 

:  2,5 

1.504 

:  1.3 

1.508 

19 

;  2.3 

1.517 

:  2,3  1.508 

:  9.4 

1.504 

:  1.8 

l.oOS 

20 

.  2.2 

1.516 

:  7.6   1.502 

:  4.8 

1.508 

21 

:  1.6 

1.51B 

:  2.8  1.498 

:  4.7 

1.508 

22 

:  9.7 

1.517 

Total 

99.44 

'97.34 

'97,7 

98.10 

i 

^'ote: 

R.I.  _<j 

20°C. 
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Table   6-B 
Tabulation  of    ^^vdsorption   Analyses   Results 


Sarr.ple 

G- 

129 

1-129-? 
Ml.   H.I. 

J -13 2     : 

G-lv 

yd-t 

No. 

:  ia. 

.1. 

Ml. 

K.I. 

K.I. 

1 

4.1 

1.494 

,  -^.96 

1.4528- 

5.12 

1.4590 

5.00 

1.4602 

2 

5.0 

1.484 

5.00 

1.4501 

5,24 

1,4579 

o.lb 

1.45cJ5 

3 

.  4.8 

1.47'' 

•  5.07 

1.4501 

!  5,00 

1,4574 

•  4.98 

1.4581 

4 

4.9 

1.482 

:  .>.48 

1.4516- 

4,93 

1.4574: 

4,65 

1.4602 

5     1 

5.0 

1.4Ht; 

.  5,05 

1.4o30' 

.  5,08 

1,4.'574: 

5,01 

1.4633 

6 

5.4 

1.4-il 

.  5.14 

1.4588. 

!  5.14 

1.4574. 

4,86 

1.4679 

7 

.  5.1 

i.493 

5.15 

1.4654- 

4.87 

1,4600- 

5.18 

1.4722 

8    : 

5.4 

1.496 

.  5.04 

1.4784; 

4.88 

1.4o64; 

5,03 

1.4750 

9    : 

.  5.1 

1.498 

5.14 

1.4920- 

5.14 

1,4764 

.  5.06 

1.4789 

10 

:  6.7 

1.4^) 

6.11 

1.5018 

5,20 

1.4637 

5,02 

1.4649 

11 

!  4.8 

l.oO:- 

.  5.34 

1,5091 

1  5.17 

1,4882 

.  5.15 

1.4^03 

12      ! 

.  3.7 

1.506 

:  4.92 

1.5128 

,  5.23 

1.4910 

7.10 

1.4933 

13 

2.9 

1.50^ 

:  5.27 

1.5167 

.  5.34 

1.4928 

•  4,64 

1.4963 

14      ! 

1.9 

1.B14 

.  5.12 

1,5191 

:  4,30 

1.4942 

:  3,1 

1.4983 

15 

1.8 

1.512 

:  5.18 

1.5211 

•  5,62 

1.4980 

!  7.3 

1.4994 

16 

1.7 

1.513 

:  5.18 

1.5218- 

!  3,31 

1.5023 

.  3,2 

1.6012 

17 

1.4 

1.513 

:  5.13 

1.5;??4 

,  3.5 

1.5040 

•  2,8 

1.5024 

18 

1.4 

1.515 

:  4,90 

1,5253 

1.1 

1.5080 

:  5,5 

1.4d70 

19     ! 

2.4 

1.507 

.  2.3 

1,5-268 

.  3.7 

1,5102 

:  3,9 

1.4970 

20     ! 

^.4 

1.504 

:  2.1 

1.5288 

!  4.9 

1.5106 

•  4.1 

1.4969 

21 

1.6 

1.510 

:  6,0 

1.5110 

22 

:  1.4 

1.514 

23 

:  2.0 

1.517 

24 

:  1.9 

1.516 

25    : 

.  2,2 

1.512 

26 

.  1.9 

1.513 

27 

.  1.4 

1.513 

28 

:  4.4 

1.508 

29 

5.9 

1.505 

I 

1 

1 

Total    98.60 


96.60 


98.77 


96.93 


Note:       T.I. 


20°C  . 
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Table  G-G 
Tabulation  of  Adsorption  analyses  Results 


Saiaple  ' 

■ 

C— 133     : 

< 

G-133-?    ; 

• 
• 

G-137     : 

LIl. 

b7-e 

No. 

ul. 

R.I.-"  : 

;'i. 

R,l.--'    : 

la. 

H.I.   : 

.-;.!. 

1 

,  5.03 

1.4950 

5.10 

1,4662: 

5.01 

1.4762: 

4.94 

1.4611 

2, 

;  5.14 

1.4910 

,  5,35 

1,4619< 

!  5.22 

1.4697: 

5,20 

1.4599 

3 

:  5.43 

1.4870: 

:  5.12 

1.4597- 

,  5,24 

1.4700: 

5.41 

1.4587 

4 

!  5.45 

1.4790 

:  5.18 

1,4590 

5.17 

1.4720: 

5.12 

1.4589 

5 

;  D,36 

1.47G0 

:  5.09 

1.4589 

.  5.15 

1.4720: 

5.19 

1.4620 

6 

!  4.87 

1.4764 

:  5.01 

1.4601 

5.10 

1.4814: 

5.13 

1.4678 

7 

!  5.22 

1.4782 

:  5.00 

1.4658: 

.  5,26 

1,4892: 

5.02 

1.4744 

8 

:  5.06 

1.4811 

:  5.47 

1.4762" 

5.23 

1,4897: 

5,14 

1,4830 

9 

:  5.17 

1.4843 

:  5.02 

1.4798: 

;  5.11 

1.4974: 

5,09 

1,4889 

10 

.  4,98 

1.4070: 

:  5.07 

1.4848 

5.16 

1.5004: 

4.84 

1.4940 

11 

5.413 

1.4B92 

4.72 

1.4909' 

5.22 

1,5029: 

5.43 

1.4997 

12 

;  5.07 

1 . 4880 

!  4. 89 

1.4965 

.  5.60 

1,5048: 

5.04 

1.5023 

13 

;  5.13 

1,4710 

:  4,6 

1.4998 

:  5.29 

1.5084: 

5.08 

1.5070 

14 

!  5,32 

1.4620 

.  4.2 

1.5004 

.  5.41 

1.5108: 

5.11 

1.5152 

15 

!  5.28 

1.4526 

;  3.6 

1.5031" 

5.32 

1.5098: 

4.95 

1.5200 

16 

•  5.09 

1.4443 

:  2.8 

1.5065- 

.  5.02 

1.5128: 

5.47 

1.4968 

17      ! 

.  8.70 

1.4418 

:  4.0 

1.5032 

2.3 

1.5158: 

5.13 

1.4642 

18     i 

4.98 

1.4397 

1  4.8 

1.5025. 

3.8 

1.5144: 

9.76 

1.4591 

19 

ti.7 

1.5011 

6.7 

1.5047: 

1.10 

1.4448 

20 

.  7.1 

1.5C02 

0.90 

1.4430 

Total   96.76 


98.82 


96.31 


99.06 


Note:  *R.I.   40OC.   <.ll  others  at  20^0. 
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Table  6-D 
Tabulation  of  iidsorption  Analyses  Results 


Saraple 

;              3- 

•lOO-P 

S-lOO- 
:    :.;1. 

-P-? 

No. 

:    VI. 

H.I. 

R.I. 

1 

:    4.65 

1.5171 

:    5.04 

1.4970 

'^. 

4.88 

1.O150 

:    6.45 

1.4805 

3 

5.13 

1.5124 

:    6.00 

1.4728 

4     : 

5.17 

1.5028 

4.99 

1.4728 

5 

5.32 

1.5030 

:    4.63 

1.4747 

6 

:     5.17 

1.5008 

:    4.92 

1.4793 

7 

:     5.18 

1,5022 

:    4.94 

1.4r;73 

8     : 

5.23 

1.5057 

:    5.24 

1.4940 

9 

5.41 

1.5069 

:    4.93 

1.5027 

10 

5.14 

1.5090 

:   4.96 

1.5080 

11     : 

5.23 

1.5098 

:    5.36 

1.5013 

12     : 

5.48 

1.5090 

:    4.97 

1.5158 

13       ! 

3.3 

1.5113 

5.27 

1.5169 

14 

5.0 

1.5022 

4.90 

1.5190 

15     : 

3.1 

1.5133 

4.02 

1.5135 

16     : 

15.6 

1.47o3 

3.1 

1.5200 

17     : 

0.4 

1.4790 

2.3 

1.5200 

18     : 

3.3 

1.5183 

19     : 

2.8 

1.5183 

20     ! 

8.4 

1.5183 

Total   97.40 


97.38 


:,ote:      a.  I. 


40°C 
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Table  6-E 
Tabulation  of  Adsorption  Analyses  Results 


Sample 

G-1 

or; 

G-128       : 

G-1 

34 

No. 

i.:i. 

R.l.^^ 

nl. 

R.I.     : 

n.. 

R.I.'^-- 

1 

.   5.00 

1.5009   : 

5.00 

1,4510   : 

5.20 

1.4998 

2     : 

5.36 

1.4783   : 

5.16 

1.4508   ! 

5.01 

1.4962 

3 

I   5.11 

1.4689   : 

4.94 

1.4506   ' 

5.41 

1.4960 

4    : 

5.06 

1.4686   ; 

4.83 

1.4504   : 

5.05 

1,4960 

5    ; 

5.14 

1.4686   : 

5.04 

1.4504   : 

5.14 

1.4950 

6 

4.97 

1.4719 

5.21 

1.4502   : 

5.17 

1.4900 

7 

4.96 

1.4780   ■ 

5.01 

1.4502   : 

5.70 

1,4888 

8 

i      6.06 

1.4641 

5.50 

1.4500 

5.04 

1.4880 

9 

:   5.05 

1.4922   : 

4.91 

1.4539 

0.32 

1.4878 

10 

:   5,11 

1.4922 

:   5.05 

1.4631 

5.12 

1.4899 

11 

:   5.19 

1.5056 

5.04 

1.4780 

.   5.16 

1.4920 

12 

:   5.08 

1 . 5090   J 

5.08 

1.4967 

:   5.32 

1.4938 

13 

.   5.36 

1.5128   : 

5.17 

1.5100 

5.02 

1.4950 

14 

:   5.10 

1.5088 

.   6.10 

1,5113 

:   5.11 

1,4963 

15 

.   8.80 

1.5050 

5.01 

1.5120 

4.90 

1.4983 

16 

.   4.10 

1.5035 

6.10 

1.5152 

:   4.30 

1.5035 

17 

2.60 

1.4978   ' 

8.50 

1,5158 

,   5.10 

1.5037 

18 

:   2.80 

1.5274   . 

:   4.90 

1.5190 

:   5.00 

1.5028 

19 

.   3.10 

1.5300 

.   2.70 

1.5223 

4.50 

i.5022 

20 

!   4.30 

1.5280 

:   2.70 

1.5022 

Total  96.95 


99,05 


99.27 


Wote; 


''■"R.I.  ./  40OC.   All  others   20°C. 
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